Abstract: Pinot noir has traditionally been fermented by native flora of multiple yeasts producing a complex combination of aromas and flavors. With the use of industrial dry yeasts, winemakers gained enological reliability and consistency in their wines, but lost diversity and complexity. This research evaluated the use of co-culturing yeasts to fulfill this dual role. Fermentations of Burgundian Saccharomyces cerevisiae isolates and their mixtures were evaluated for their enological characteristics and production of volatile compounds, at 22 °C and 27 °C. The novel isolates were genetically unique and enologically equivalent to the industrial strains. Analysis of variance and principal component analysis of 25 headspace volatiles revealed differences among the yeasts and between the fermentation temperatures. Wines from the mixed-Burgundian isolates were most similar to one another and could be differentiated from the industrial strains at both 22 °C and 27 °C. Mixed-Burgundian wines at both temperatures had higher concentrations of ethyl esters and acetate esters, compared to the industrial strains which had higher concentrations of higher alcohols at 27 °C and higher concentration of other ethyl esters at 22 °C. Given the unique profiles of the co-cultured wines, this research offers winemakers a strategy for producing wines with unique and more complex characters without the risk of spontaneous fermentations.
hexanoic, octanoic, and decanoic acids have been identified as potentially important in Pinot noir wines [13] . However, the characteristic aroma of Pinot noir is due to the combination of compounds derived from the grape, produced from the microflora (yeast, bacteria) and synthesized from primary and secondary metabolites [14] .
As the understanding of the yeast volatiles continue to advance, so will the development of premium fermentation products designed to capture the benefits of improved flavor or flavor complexity from yeast fermentation. One such approach has been the investigation and characterization of mixed strain and mixed species inocula.
While the contribution of non-Saccharomyces yeast species to wine production has been the topic of much research [15] , only a few studies have focused on the effects of deliberately mixing S. cerevisiae strains during fermentation [16] . By mixing yeast strains known to differ in their liberation of specific thiols, King et al. [16] were able to demonstrate that the volatile thiol content and the sensory profiles of wines differed in mixed S. cerevisiae culture beyond the effects of each individual yeast strain, suggesting a synergistic effect. Another study by Howell et al. [17] confirmed that the unique volatile profiles created by mixing S. cerevisiae strains during wine fermentation cannot be replicated by fermenting each strain individually and then blending the resulting wines. These findings, along with the simultaneous isolation of a number of novel S. cerevisiae strains from a premium vineyard in Burgundy led to the hypothesis that fermenting Pinot noir grape must with mixed ratios of these Burgundian isolates will result in unique volatile profiles that may be unique and/or more complex than those associated with fermentation by industrial or individual-Burgundian yeasts of S. cerevisiae.
To this end, research was undertaken: (i) to document the genetic uniqueness of the three new Burgundian isolates (A1, A2, A3) using genetic fingerprinting and phenotype characterization, (ii) to demonstrate that these isolates were enologically equivalent to industrial yeast strains for winemaking and (iii) to compare the volatile profiles of Pinot noir wines fermented individually and in mixtures to industrial strains fermented at 22 °C and 27 °C.
Results and Discussion

Genetic and Phenotypic Characterization of Wine Yeast Strains
Genetic and phenotypic characterization revealed the genetic uniqueness of the Burgundian isolates (A1, A2, A3) and their compatibility with one another in mixed culture fermentations. PCR-based genetic fingerprinting [18] differentiated the three Bugundian isolates from six industrial (commercial) strains ( Figure 1 ). All strains had unique banding patterns except Enoferm Burgundy (BGY) and Maurivin B (MB) which were identical. Therefore, MB was excluded from further analysis ( Figure 1 ). As such, they were genetically different from one another and would be expected to have different enological characteristics [19] .
The Burgundian isolates were identified as killer positive (K+) phenotype. As such they would be expected to kill wild yeast strains, predominate in individual strain fermentations and be able to be co-cultured with one another [20, 21] Interestingly, strains A1, A2 and A3 were present in all mixtures fermented at 22 °C and 27 °C, despite the tendency of strain A3 to exceed its inoculated ratio at the midpoint of the fermentation (Figure 2c,d) . If a mixed-Burgundian yeast product were to be commercialized, the fermentation kinetics of the three isolates A1, A2 and A3 would need to be more thoroughly examined, both individually and in combination, in order to optimize performance. 
Enological Characterization of Wine Yeast Strains
Analyses of variance (ANOVA) demonstrated that six of the eight enological characteristics varied significantly among the yeasts (Table 1) . Two characteristics, ethanol and sugar/ethanol ratio, with values of 13.39%-13.77% v/v and 0.464-0.482, respectively, were not different among the yeasts.
Glycerol production by the individual-and mixed-Burgundian isolates fell within the range (8-10.5 g·L
) associated with industrial yeasts (Table 1) ; this demonstrated their enological equivalence and suitability for winemaking. Wines from A1 at 22 °C, had a higher glycerol concentration than the other individual-and mixed-Burgundian wines (Table 1) . Thus, this yeast would be looked upon favorably by winemakers, for glycerol increases osmotolerance and shunts carbon away from ethanol production [22] .
In contrast, the individual-and mixed-Burgundian isolates produced amongst the lowest acetic acid concentrations, with the commercial strain BGY producing the highest concentrations at both 22 °C and 27 °C (Table 1) . However all concentrations were below the red wine aroma detection threshold (0.6-0.9 g·L Final optical density (growth phenotype) of the yeasts revealed that the Burgundian isolate (A1), and its mixtures (M1-M4), showed aberrant overall growth pattern (Table 1) , with a complete scattering of OD measurements upon reaching the stationary phase due to flocculation. Flocculation of yeast cells is considered desirable in winemaking [8] for it allows for easier exclusion of yeast sediment during racking [24] . This characteristic could be particularly important for the production of premium unfiltered red wines. In contrast, BGY had a visibly longer lag phase at 27 °C; this was somewhat undesirable for it would allow other yeasts to establish and potentially dominate the fermentation. Interestingly, Enoferm Assmanshausen (AMH) reached only 75% of the final cell density of the other strains (Table 1) , which were similar. Based on growth phenotype, the Burgundian isolates and their mixtures were considered enologically equivalent, as long as the late flocculation of strain A1 could be manageable in the cellar.
Foam production of the Burgundian isolates (22 °C, 15.7-16.3 mm; 27 °C, 20.3-32.3 mm) fell within the range produced by the industrial strains (22 °C, 9.7-34.0 mm; 27 °C, 7.3-28.0 mm) ( Table 1) , with the individual-Burgundian isolates (A1, A2) producing foam at the higher end of this range. While they did not differ significantly from two industrial strains (BGY, RC212), further investigations would be necessary to assess their foam production in other musts and to establish the necessary tank requirements [24] . n/a n/a n/a n/a n/a n/a Range 1.494- Although sulfur dioxide production is generally not considered a selection criterion for wine yeasts, over abundance could inhibit the growth or cause stuck malolactic fermentations. Yeast strains in this research produced SO2 concentrations in the range of 10-50 mg·L −1 (Table 1) . Although this was slightly higher than the usual (10-30 mg·L −1 ), it was believed attributed to the need to use a nutrient-poor synthetic grape must. Interestingly, the individual Burgundian isolates produced more SO2 than AMH, AWRI796, and BGY, but similar concentrations to Lalvin RA17 (RA17) and Lalvin Bourgorouge RC212 (RC212) ( Table 1 ). The sulfur dioxide produced by the Burgundian isolates would not be expected to adversely impact malolactic fermentations, for most O. oeni strains can tolerate 15 mg·L −1 free-and 60-100 mg·L −1 total SO2, To verify this, assays were conducted to quantify malic acid consumption and lactic acid production for the Pinot noir fermentations (data not shown). Wines produced by the Burgundian strains completed malolactic fermentation as expected and had similar malic and lactic acid concentrations as the majority of the commercial strains. Therefore the Burgundian strains were considered enologically equivalent.
Analysis of Volatile Compounds
GC-MS of the headspace volatile compounds of Pinot noir wines revealed 25 quantifiable compounds. Analysis of variance (ANOVA) showed significant differences among the yeasts for nine higher alcohols (Table 2) , seven ethyl esters (Table 3) and five acetate esters, two aldehydes, one acid and one acetal (Table 4) at 22 °C and 27 °C, except for 1-hexanol at 27 °C (Table 3) , phenylethanol at 27 °C (Table 2 ) and hexyl acetate at 22 °C (Table 4 ). While differences for a particular yeast were really apparent, differences among the classes of yeast (industrial, individual-and mixed-Burgundian) were not. As such, it was desirable to use a multivariate statistical tool, principal component analysis (PCA), in order to extract the pattern of volatiles among the yeasts and between the temperatures. PCA allowed all 25 volatiles (higher alcohols, ethyl esters, acetate esters, aldehydes, acid, acetal) to be considered together.
Principal components (PC) 1, 2 and 3 explained 28.4%, 23.2%, and 14.9% of the variation in the data set, respectively ( Figure 3 ), with the vector loadings for the volatile compounds provided in Table  5 . Volatile compounds with loadings greater than 1.2 were considered 'heavily loaded' and accounted for the majority of the variation among the yeasts.
Wines were clearly grouped according to their fermentation temperature (22 °C, 27 °C) ( Figure 3 ), but yeast groups were more difficult to discern in a three-dimensional plot. Therefore, two-dimensional plots ( In Figure 4a , PC 1 was most heavily loaded in the positive direction with five ethyl esters (ethyl octanoate, ethyl hexanoate, ethyl butanoate, ethyl laurate, ethyl decanoate) and three acetate esters (ethyl acetate, hexyl acetate, isobutyl acetate, isoamyl acetate), as denoted by the high positive PC 1 values (Table 5 ). PC 1 was most heavily loaded in the negative direction with three higher alcohols (2-methyl-1-butanol, phenylethanol, 1-hexanol), as denoted by the negative PC 2 values (Table 5) . Wine located on the lower left hand side of the plot (Figure 4a ), such as the industrial wines fermented at 27 °C, had higher concentrations of these higher alcohols, while the remaining wines located on the right hand side of the plot (Figure 4a ), had higher concentrations of the aforementioned ethyl and acetate esters. (Table 5) ; these wines had very much higher concentration of 1,3-butanediol and 2,3-butandiol (Table 2) and benzaldehyde (Table 4) . A separation of the wines by temperature can also be seen in Figure 4b (Table 4 ) and acetic acid (Table 4) .
Wines on the right hand side were further differentiated along PC 2, in the upper ( + PC 2) and lower ( − PC 2) quadrants. Wines from the industrial stains and the individual-and mixed-Burgundian isolates fermented at 22 °C, were located primarily in quadrant 1 (Figure 4a ) with positive PC 1 and PC 2 values (Table 5 ). These wines had higher concentration of three ethyl esters (ethyl octanoate, ethyl hexanoate, ethyl butanoate) ( Table 3 ). Many of the wines fermented with the individual-and most of the mixed-Burgundian isolates at 27 °C were located in quadrant 4 ( Figure 4a ) with positive PC 1 and negative PC 2 values (Table 5 ). These wines had higher concentrations of three ethyl esters (ethyl laurate, ethyl decanoate, ethyl palmitate) (Table 3) , five acetate esters (methyl acetate, ethyl acetate, hexyl acetate, isobutyl acetate, isoamyl acetate) (Table 4) , as well as acetaldehyde (Table 4 ). The mixed-Burgundian isolates formed smaller tighter subsets within the larger groupings (Figure 4b ), suggesting that they were more similar to one another than to the remaining wines. Such findings are consistent with Saberi et al. (2012) [5] who also reported that co-cultured wines were more similar to one another than to industrial strains. The similarity of mixed-Burgundian strain wines was also evident in (Table 2) . Close examination of the volatiles produced from the individual-Burgundian isolates (Tables 2-4) revealed that the yeast with the lowest production at 22 °C was not necessarily the yeasts with the lowest production at 27 °C (higher alcohols, Table 2 ; ethyl esters, Table 3 ; acetate esters/aldedhydes/acid/acetal, Table 4 ). This suggested that the strain differences, while significant, may be subtle compared to the magnitude of the temperature differences. For example, the low concentration of 3-methyl-1-butanol in the co-cultured wine M2 at 22 °C (10.49 mg·L , Table 4 ). Such results were consistent with the inoculation and fermentation ratios (Figure 2 ) and are a testament to the fact that co-cultured yeasts can be used to significantly modify the headspace volatiles of a wine. Such trends were not as readily apparent at 27 °C, in part due to the fact that the inoculation ratios were not as well maintained at this temperature.
The volatile compositions of the wine from the mixed-Burgundian isolates were unattainable by any single industrial yeast strain. Although the compound 2,3-butanediol may be present at relatively high concentrations (Table 2 ) [25] , its contribution to wine aroma is somewhat elusive given its high detection threshold (150 mg·L
) [26] . Similarly, propanol's contribution to wine aroma is unclear [27] . However, it shows an inverse correlation with hydrogen sulfide [28] , suggesting that wines from mixed-Burgundian isolates may have a lower propensity to sulfur flaws.
While the higher alcohols (1-hexanol, 3-methyl-1-butanol, 2-methyl-1-butanol) can contribute to wine quality at low concentrations (~300 mg·L ) [29] . In the context of this study, it is difficult to determine whether the increased in concentration of these higher alcohols for the mixed-Burgundian isolates represents a positive, negative, or negligible impact on the sensory properties of the wine. Nevertheless, the differences in higher alcohol production and the unique combination of higher alcohols in wines fermented with mixed-Burgundian yeasts could indicate the future potential of mixed strain yeast products.
The industrial strains and mixed-Burgundian isolates at 27 °C had a propensity to produce slightly more ethyl esters during fermentation (Table 3) . Esters are particularly important to wine aroma for they can be perceived sensorially. Although Ferreira et al. [30] suggests that acetate and ethyl esters may only play a modulatory role in red wine aroma, their contribution would be expected to be dependent on the style of red wine, particularly if the Pinot noir was prepared without skin contact as in this research Howell et al. [17] identified that co-culturing wines produced volatile profiles that could not be replicated by fermenting each strain individually, or by blending the wines from single cultures. This suggests that co-cultured yeasts may be sharing metabolites [31] and creating unique volatile profiles that are more than the sum of their parts. King et al. [16] reported that consumers, who were familiar with the higher priced wines, preferred wines that had been co-cultured with two yeast strains. Such findings are consistent with Saberi et al. [5] and Grossman et al. [32] who report that co-cultured wines had intermediate concentrations of odor active compounds and were perceived as more complex, respectively. As such the isolates evaluated in this research offer winemakers an opportunity to produce wines with unique and/or more complex characters.
Experimental Section
Yeast and Bacterial Strains Employed
Three novel S. cerevisiae strains (A1, A2, A3) were isolated in 2007 from a vineyard in Burgundy France and preserved in 15% glycerol/yeast peptone dextrose (YPD) broth at −80 °C. These isolates were compared to five commercially available S. cerevisiae strains, which were recommended for Pinot noir fermentation. The industrial strains Enoferm Assmanshausen (AMH), Enoferm Burgundy (BGY), Lalvin RA17 (RA17) and Lalvin Bourgorouge RC212 (RC212) were purchased as active dry yeast from Lallemand Inc. 
Media and Culture Conditions
All S. cerevisiae strains were maintained as freezer stocks at −80 °C in 15% glycerol/YPD and cultured in Difco YPD broth and agar (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) according to standard procedures [33] . Lyophilized O. oeni was rehydrated in 50 mL of sterile distilled water for 15 min and used directly for the malolactic fermentation compatibility study.
Killer assay medium was formulated by buffering YPD agar with 50 mM dibasic phosphate and adjusting the pH to 4.2 with citric acid prior to autoclaving. Filter sterile (0.22 µm) methylene blue was added at a rate of 0.0015% w/v (adapted from van Vuuren and Wingfield [34] ).
Free run Pinot noir and Chardonnay grape must (2008) were obtained from Calona Vineyards (Kelowna, BC, Canada). It had been crushed, pressed and treated with ~50 mg kg 
Genetic Fingerprinting and Monitoring of Mixed Strains During Fermentation
S. cerevisiae strains were genetically fingerprinted with the PCR method and the primers δ12 and δ2 described in Schuller et al. [18] . S. cerevisiae strains were grown and genomic DNA was extracted [33] . A 50 µL reaction mixture was prepared, which contained 10 ng of DNA template, 1 U iProof DNA polymerase (BioRad, Mississauga, ON, Canada), 5× GC buffer, 0.5% v/v DMSO, 0.2 mM of each dNTP, and 25 pmol of each primer. After the initial denaturation at 98 °C for 3 minutes, the reaction mixture was cycled 30 times according to the following program: 98 °C for 10 s, 55 °C for 1 min, and 72 °C for 1 min, which was followed by a final elongation period at 72 °C for 10 min. The PCR products were separated by gel electrophoresis on a 1.5% agarose gel and visualized with SYBR Safe DNA gel stain (Invitrogen Inc., Burlington, ON, Canada).
Wine fermentations containing the Burgundian isolates (A1, A2, A3) in the mixtures M1 (1:1:1), M2 (1:2:3), M3 (3:2:1), and M4 (1:3:2) were monitored with genetic fingerprinting of the individual visualized through colony PCR. Cells were harvested by centrifugation (5000 × g for 5 min) at the midpoint (9% v/v ethanol) and end (13.5% v/v ethanol) of fermentation. Cells were resuspended and diluted in sterile MilliQ water before being grown up on YPD agar plates at 30 °C for 3 d. The genetic fingerprints of 45 colonies from each replicate (n = 3) at each time point (n = 2) and temperature (n = 2) were assessed via colony PCR by substituting a small amount of colony for the DNA template in the method described above and increasing the initial denaturation period to 10 minutes.
Killer Factor Phenotyping
The ; 300 µL of this suspension was spread as a lawn on a plate containing killer assay medium and allowed to dry. Colonies from each of the other strains were swabbed and spread as a thick line on top of the killer lawn. The plate was then incubated at 18 °C for 5 d (adapted from van Vuuren and Wingfield [34] .
Model Fermentations-Fermentation Characteristics
S. cerevisiae freezer stocks were used to inoculate 5 mL cultures of YPD, which were grown overnight in a rotary wheel to stationary phase at 30 °C. Flasks containing 50 mL of YPD were subsequently inoculated at a rate of 5 × 10 . In the case of the mixed strain fermentations, yeast strains were not combined prior to inoculation of the fermentation medium. All fermentations were conducted in media bottles topped with rubber bungs and water-filled capped gas locks to ensure anaerobic conditions. Sampling occurred anaerobically by piercing the rubber bungs with 5-inch hypodermic needles (Air-Tite Products Co., Virginia Beach, VA, USA) attached to 3 mL syringes (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) and extracting approximately 1 mL of sample.
The primary experimental fermentations were conducted in triplicate in 900 mL of Pinot noir must at 22 °C and 27 °C, respectively, and were used to assess fermentation kinetics, ethanol, glycerol, and acetic acid production, mixed strain population dynamics, and production of volatile compounds. Sampling occurred twice daily early in the early stage, daily in the intermediate stage, and every two days in the final stage of fermentation. Ethanol production, form formation and glycerol production were measured at each time while acetic acid and the volatile compounds were assessed at the end of fermentation. Fermentation samples were vortexed, centrifuged, and filter sterilized (0.22 µm) before compounds were analysed. After sugars were depleted, 100 mg·L −1 of potassium metabisulfite was added to the wine to protect against oxidation. Samples were stored at 4 °C until GC-MS analysis. The ethanol tolerance of the various S. cerevisiae strains was assessed by fermenting each strain in biological triplicate in a high sugar must. This must was created by supplementing the Pinot noir must to 33% sugar, using equi-molar amounts of glucose and fructose (Fisher Scientific, Ottawa, ON, Canada). Fermentations were sampled initially and after the fermentations were complete (21 d) and the concentration of ethanol determined and expressed in % v/v, as described above.
Sulfur dioxide production by yeasts was assayed following the alcoholic fermentation in biological triplicate in 200 mL of synthetic juice at 22 °C and 27 °C. Sulfur dioxide was quantified in technical triplicate according to manufacturer protocols using the "Total SO2" UV test kit from R-Biopharm (Darmstadt, Germany). Unfermented synthetic juice was also assayed to ensure that it was free from sulfite contamination.
The malolactic compatibility of the strains was assessed following the alcoholic fermentation in biological triplicate in 400 mL of Pinot noir must at 22 °C. Wines were inoculated with O. oeni strain MBR 31 and fermented at 20 °C. Samples were collected and analysed for malic and lactic acids at 3-4 d intervals for 18 d.
Growth Phenotype Assay
The growth phenotypes of the yeasts were assayed in a Bioscreen C Growth Chamber (Thermo-Labsystems) in filter sterilized (0.22 µm) Chardonnay juice (Calona Vineyards). The S. cerevisiae strains were grown to stationary phase in 5 mL cultures of YPD at 30 °C in a rotary wheel, harvested by centrifugation (5000× g for 5 min) and resuspended in Chardonnay juice. The juice was then inoculated at a rate of 5 × 10 5 cells mL −1 and 150 µL aliquots were transferred in triplicate into a 100-well Bioscreen C optical plate (Thermo-Labsystems). The optical plate was placed in the growth chamber and grown for 96 h with continuous shaking at 22 °C and 27 °C. The OD (A600nm) was measured automatically each hour; data were compiled using the affiliated Biolink-DOS software.
Foam Production Assay
Foam production was assessed in yeasts at 22 °C and 27 °C using an assay modified from Regodón et al. [35] . Yeasts were cultured in preparation for fermentation and were inoculated into 18 × 150 mm test tubes containing 10 mL of Pinot noir juice. Foam height was monitored three times per day and the maximum height achieved was measured and recorded in millimeters.
Quantification of Compounds Using HPLC
Ethanol, glycerol and acetic acid were quantified according with an Agilent 1100 series HPLC (Agilent Technologies, Palo Alto, CA, USA) using a Supelcogel C-61OH 30 cm × 7.8 mm column (Sigma-Aldrich, Oakville, ON, Canada), an Agilent G1362A refractive index detector with positive polarity and Agilent LC-MS ChemStation revision A.09.03 software. The method consisted of a 23 min isocratic run of 0.1% phosphoric acid at 0.75 mL min −1 [36] . Peak monitoring was performed with an Agilent G1362A refractive index detector (Agilent, Santa Clara, CA, USA). Concentrations were determined for each of the three replicates from the standard curves. Glycerol and acetic acid concentrations were reported in g·L −1 . Ethanol concentrations were reported in percentage (v/v), in order to be consistent with units utilized by the wine industry.
Identification and Quantification of Volatile Compounds Using GC-MS
GC-MS headspace analysis was used to analyze Pinot noir wine samples according to the method of Danzer et al. [37] , without solid phase microextraction (SPME) as described in Husnik et al. [1] . An Agilent 6890N GC interfaced to a 5973N Mass Selective Detector along with a 60 m × 0.25 mm ID, 0.25 µm thickness DBWAX fused silica open tubular column (J&W Scientific, Folsom, CA, USA) were used to detect and quantify volatile compounds, which were analysed with Enhanced Chemstation software (MSD Chemstation Build 75, Agilent Technologies, Palo Alto, CA, USA) and identified with the Wiley7Nist05 library (Wiley and Sons, Hoboken, NJ, USA).
Statistical Analyses
One-factor ANOVA with replication were used to examine the ethanol, glycerol, acetic acid, sulfur dioxide and volatile effects among the yeast strains using MS Excel 2010 (Microsoft, Redmond, WA, USA). Differences among strains were differentiated using Fisher's least significant difference (LSD) at p ≤ 0.05 and delineated using subscripts.
Principal component analysis (PCA) was used to examine the patterns of 25 volatile compounds associated with the wine products from the five industrial strains and three individual-and four mixed-Burgundian isolates, at both fermentation temperatures in triplicate using Minitab 16 (Minitab Inc., State College, PA, USA). Vector coordinates were scaled by a factor of five times to aid in visualization of the data. A principal component (PC) plot was prepared for the first three dimensions (3d-plot) in Minitab 16 (Minitab Inc., State College, PA, USA). Two dimensional figures (2-d plots) of PC 1 versus PC 2, PC 2 versus PC 3 and PC 1 versus PC 3 were prepared in MS Excel (Microsoft, Redmond, WA, USA). Ellipses were drawn on these plots around the industrial strains and mixed-Burgundian isolates as visual aids only.
Conclusions
This research demonstrated the three Burgundian S. cerevisiae isolates (A1, A2, A3) were genetically unique from five industrial strains (AMH, AWRI796, BGY, RA17, RC212), killer positive and compatible with malolactic bacteria. The individual-and mixed-cultures of these new isolates were demonstrated to be suitable for winemaking, since their enological characteristics fell within the range associated with the industrial strains.
ANOVA of the 25 volatile compounds (nine alcohols, seven ethyl esters, five acetate esters, two aldehydes, one acid, one acetal) revealed differed among the yeast strains. Principal component analysis revealed that the differences in the volatile profiles among the yeasts (industrial, individualand mixed-Burgundian) were more subtle than those due to temperature. Mixed-Burgundian isolates at 22 °C and 27 °C produced lower concentrations of higher alcohols than industrial yeasts at 27 °C, creating wines with unique volatile profiles. In general, the mixed-Burgundian strain wines were more similar to one another than to the industrial strains, with higher concentrations of several ethyl ester and acetate esters. This research documented that co-culturing novel strains can produce wines with unique volatile profiles, without the risks of spontaneous fermentation. As such, a commercial multi-yeast starter culture could serve as a winemaking tool to increase wine complexity and improve wine differentiation in the marketplace. However, much research remains to be conducted to optimize performance of the co-cultured strains, understand the mechanisms of yeast-yeast interaction, evaluate the relative contribution of the strains to overall wine flavor, elucidate the volatile/non-volatile interactions, and understand the changes to volatiles during ingestion and consumption.
